Individuals exposed to beryllium (Be) may develop Be sensitization (BeS) and progress to chronic beryllium disease (CBD). Recent studies with other metal antigens suggest epigenetic mechanisms may be involved in inflammatory disease processes, including granulomatous lung disorders and that a number of metal cations alter gene methylation. The objective of this study was to determine if Be can exert an epigenetic effect on gene expression by altering methylation in the promoter region of specific genes known to be involved in Be antigen-mediated gene expression. To investigate this objective, three macrophage tumor mouse cell lines known to differentially produce tumor necrosis factor (TNF)-, but not interferon (IFN)-, in response to Be antigen were cultured with Be or controls. Following challenges, ELISA were performed to quantify induced TNF and IFN expression. Bisulfate-converted DNA was evaluated by pyrosequencing to quantify CpG methylation within the promoters of TNF and IFN. Be-challenged H36.12J cells expressed higher levels of TNF compared to either H36.12E cells or P388D.1 cells. However, there were no variations in TNF promoter CpG methylation levels between cell lines at the six CpG sites tested. H36.12J cell TNF expression was shown to be metal-specific by the induction of significantly more TNF when exposed to Be than when exposed to aluminum sulfate, or nickel (II) chloride, but not when exposed to cobalt (II) chloride. However, H36.12J cell methylation levels at the six CpG sites examined in the TNF promoter did not correlate with cytokine expression differences. Nonetheless, all three cell lines had significantly more promoter methylation at the six CpG sites investigated within the IFN promoter (a gene that is not expressed) when compared to the six CpG sites investigated in the TNF promoter, regardless of treatment condition (p51.17 Â 10 À9 ). These findings suggest that, in this cell system, promoter hypo-methylation may be necessary to allow expression of metal-induced TNF and that promoter hyper-methylation in the IFN promoter may interfere with expression. Also, at the dozen CpG sites investigated in the promoter regions of both genes, beryllium had no impact on promoter methylation status, despite its ability to induce pro-inflammatory cytokine expression.
Introduction
Inhalation of particulate forms of beryllium (Be) metal, beryllium oxide ceramics or Be-containing alloys can lead to beryllium sensitization (BeS) (Baggerly et al. 2004) , an adaptive immune response to Be (Newman & Kreiss 1992; Kelleher et al. 2001; Infante & Newman 2004; Maier et al. 2008 ) in a proportion of exposed individuals. BeS has been shown to presage the development of chronic beryllium disease (CBD) at a rate of 6-8% per year (Newman et al. 2005) . In CBD, individuals demonstrate an inflammatory process in the lung characterized by non-caseating granulomas and/or mononuclear cell infiltrates in lung tissue (Newman et al. 1989) . A substantial body of literature has demonstrated differences in pro-inflammatory cytokine levels such as interferon (IFN)-, interleukin (IL)-2, (IL)-6 and tumor necrosis factor (TNF)- (Bost et al. 1994; Tinkle et al. 1997 Tinkle et al. , 1999 Kelleher et al. 2001 ) between patients with BeS and CBD when either white blood cells or lung lavage cells, especially CD4 + T-lymphocytes and macrophages, are incubated ex vivo the presence of Be salts. However, we have only a limited understanding of the underlying mechanisms by which Be may affect the expression of these pro-inflammatory cytokines.
Two lines of evidence have led us to investigate the hypothesis that variations in DNA promoter region methylation may explain variations in gene expression and that Be, a metal cation, may be able to alter DNA methylation states. First, although there have been no published studies in CBD to date, preliminary data from a recent abstract suggests differential methylation between patients with BeS and CBD in bronchoalveolar lavage (BAL)-derived cell populations. In these cells, lower levels of methylation (hypo-methylation) were observed in TNF promoters of patients with CBD when compared to methylation levels of BAL-derived cells from patients with BeS (Silveira et al. 2013) . Further, Maeda et al. (2009) demonstrated gene-associated hypomethylation in patients with sarcoidosis, a granulomatous disorder immuno-pathogenically similar to CBD. Liu et al. showed that epigenetics might play a role in immune-mediated pulmonary diseases (He et al. 2013) . Second, an emerging body of literature demonstrates that certain metal cations, i.e. nickel, lead, chromium, arsenic and cadmium, can induce epigenetic alterations, although Be has not yet been studied (Lee et al. 1995; Baggerly et al. 2004; Baccarelli and Bollati 2009; Hanna et al. 2012) .
To investigate the hypothesis that Be can affect gene expression by modulating promoter methylation, our group utilized three related macrophage mouse tumor cell lines, H36.12J, H36.12E and P388D.1, that are known to differentially express TNF when challenged with Be (Hamada et al. 2000; Sawyer et al. 2000b) . In previous studies, P388D.1 (parental cell line) and H36.12E (daughter line) both failed to express high levels of TNF when challenged with beryllium sulfate (BeSO 4 ), cobalt sulfate (CoSO 4 ) or aluminum sulfate (Al 2 [SO 4 ] 3 ). However, H36.12J, a daughter cell line derived from P388D.1, expressed high levels of TNF when challenged with BeSO 4 , but not Al 2 (SO 4 ) 3 nor CoSO 4 (Sawyer et al. 2000b ).
In the studies reported here, these three cell lines were exposed to either Be, other multivalent metal salts as metal controls, PBS as a volume control and a noaddition as an additional negative control to confirm differential TNF expression and a lack of IFN expression. DNA from challenged cells was then isolated, subjected to sodium bisulfite treatment and evaluated using pyrosequencing to assess specific CpG methylation in both the IFN and TNF promoter regions.
Materials and methods

Cell culture and challenge
Three mouse macrophage tumor cell lines, H36.12J, H36.12E and P388D.1 which have been shown to be differentially responsive to Be (Sawyer et al. 2000a, b) , were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and cultured at 37 C under 5% CO 2 in HyClone DMEM (Thermo Fisher, Pittsburgh, PA) with the addition of 10% fetal bovine sera (Sigma, St. Louis, MO), 100 U penicillin/ml, 100 mg streptomycin/ml, 100 mM HEPES and 10 mM sodium pyruvate (all Thermo Fisher, Pittsburgh, PA).
For challenges, cells were removed from culture flasks and centrifuged (400 Â g, 5 min) to pellet cells. Supernatants were decanted and cells suspended at 10 6 cells/ml media and transferred to 24-well plates (Corning Inc. Corning, NY) at 10 6 cells/well and cells were allowed to recover for 2 h at 37 C, under 5% CO 2 . Cells were then challenged with 100 mM BeSO 4 , 100 mM CoCl 2 , 100 mM Ni(II)Cl 2 , 100 mM Al 2 (SO 4 ) 3 , 100 ml phosphatebuffered saline (PBS, pH 7.4) or non-addition control (NC) and then incubated at 37 C under 5% CO 2 for 18 h. In separate experiments, it was confirmed by trypan blue exclusion studies that none of the metal salts used in these experiments induced cell death (data not shown). Following challenges, there were mixtures of suspension and adherent cells in culture wells. Well supernatants were transferred to 15-ml tubes and centrifuged (400Âg, 5 min) to pellet suspension cells. Supernatants were removed to 96-well plates and stored at À80 C until utilized for ELISA.
Adherent cells were removed from treatment wells by first washing wells twice with 2 ml PBS pH 7.4 to remove trace amounts of FBS and residual growth media. These and subsequent washes were added to corresponding 15-ml tubes holding the suspension cell pellets. Treatment wells were then incubated with 500 ml of 0.025% trypsin (Thermo Fisher) for 3 min at 37 C. Trypsin was quenched by the addition of 2 ml growth media and cells dislodged from wells by scraping and repeated pipetting. Previously adherent cells were transferred to 15-ml tubes holding corresponding suspension cells and wells washed twice with 2 ml PBS pH 7.4. Tubes containing suspension and adherent cells were centrifuged (400Âg, 5 min) to pellet cells. Supernatants were decanted and the cell pellets immediately subjected to DNA isolation (see below).
ELISA
Cell culture supernatants were analyzed for the presence of both TNF and IFN according to a standard eBioscience (San Diego, CA) ELISA protocol. Briefly, capture antibody was diluted in eBioscience Coating Buffer and 100 ml added to each well of Costar 96-well high binding EIA/RIA plates (Corning). Wells were then sealed with Nunc Aluminum sealing tape (Nalge Nunc, Rochester, NY) and incubated overnight at 4 C. Following incubation, capture antibody solutions were decanted and wells washed 5 Â with 250 ml PBS-0.5% Tween 20 solution (PBST). Wells were then blocked for 60 min at room temperature, with shaking on a MicroMix 5 system (Siemens, Washington, DC) at settings of Form: 20 and Amplitude: 7, with the addition of 100 ml of the assay diluent to limit non-specific binding. Blocking solution was then removed and plates washed 5Â as described above.
Culture supernatants were diluted 1:1 in assay diluent and 100 ml added to wells of ELISA plates. Standards were serially diluted as per manufacturer instructions and 100 ml also added to ELISA plates. Plates containing samples/standards were incubated for 2 h at room temperature with shaking on the MicroMix 5 as above. Following incubation, well contents were discarded and wells washed 5Â as above. Secondary biotin-labeled detection antibodies were diluted in assay diluent as per manufacturer instructions and 100 ml added to each well; plates were then incubated for 60 min at room temperature with gentle shaking. Supernatants containing unbound detection antibodies were then discarded and wells washed 5 Â as above. Avidin-horseradish peroxidase (HRP) solution was diluted to manufacturer specifications and 100 ml added to each well for a 30 min incubation at room temperature, with gentle shaking. Avidin-HRP was removed and wells washed 7Â as above. To each well, 100 ml substrate solution (TMB; 3,3 0 ,5,5 0 -tetramethylbenzidine) was added and plates incubated at room temperature in the dark for up to 15 min. Substrate color changes were halted by addition of 100 ml 2M H 2 SO 4 . Absorbances at 450 and 570 nm were then determined on a Powerwave HT plate reader (BioTek, Winooski, VT) . OD values at 570 nm were subtracted from the OD at 450 nm to obtain a normalized OD 450 nm and sample cytokine concentrations were determined by extrapolation from the standard curves generated in parallel.
DNA isolation and bisulfate conversion
Cell culture pellets were moved to 1.5 ml Eppendorf tubes, washed in 500 ml PBS pH 7.4 and centrifuged for 10 s at 14 000Âg. Resulting supernatants were aspirated, leaving $50 ml supernatant atop each cell pellet. Pellets were suspended and DNA isolated utilizing a Wizard Genomic DNA purification kit (Promega, Madison, WI). DNA quantity and quality were determined by absorbance at 260 and 280 nm on the Powerwave HT plate reader. DNA was stored under ethanol (2.5 vol of 100% ethanol and 1/10 vol 3 M sodium acetate) at À80 C until utilized.
DNA bisulfite conversion was performed using an EpiTect Bisulfite Kit (Qiagen, Hiden, Germany) as per manufacturer protocols. Briefly, up to 2 mg DNA was subjected to the bisulfite conversion and converted DNA finally suspended at 10 ng/ml and aliquoted into individual tubes at 100 ng/tube. Aliquoting was performed to avoid freeze/thaw cycles that the manufacturer states may interfere with downstream bisulfite sequencing. Aliquoted bisulfite converted DNA was stored at À20 C until utilized.
Pyrosequencing
In duplicate, bisulfite-converted DNA was amplified utilizing PyroMark PCR kits (Qiagen) following manufacturer protocols with some minor modifications. Five primer sets for amplification and six corresponding sequencing primers were designed utilizing PyroMark Assay Design 2.0 Software (Qiagen), to investigate CpG methylation in both IFN and TNF promoter regions (Table 1) . Amplicon generation, evaluated by agarose gel electrophoresis and DNA Sanger sequencing (data not shown), was performed using the following reaction Primers and conditions used for amplification and pyosequencing of mouse CpG in TNFa and IFNg promoter regions. Each sequencing primer (-SEQ at the end of the primer name) was paired with a set of amplification primers. These primers were designed using PyroMark Assay Design 2.0 and DNA sequences NCBI accession number NC_8000083.5 and NC_000076.5 for TNFa and IFNg, respectively.
mixture: 10 ml of 2Â Master Mix, 2 ml of 5Â Q Solution, 1.6 ml of a mixed Forward/Reverse primer set (3 mM biotinylated primer and 5 mM non-biotinylated primer) (Table 1) , 10 ng of bisulfite converted DNA and H 2 O to 20 ml. Amplification with primers TNF1-3 F/R had all the constituents above, but used 20 ng converted DNA and had an additional 3.75 mM MgCl 2 in each reaction. Amplifications were preformed using the conditions: 95 C, 15 min (94 C, 1 min; T m (Table 1) , 1 min; 72 C, 1 min) 40 ; 72 C, 10 min. Amplifications were held at 22 C until subjected to pyrosequencing. Pyrosequencing was performed on the amplicons using a Pryomark Q96 according to manufacturer protocols (Qiagen) and involved four steps: sequencing primer (Table 1) hybridization, dNTP addition, ATP sulfurylase addition for conversion of pyrophosphate (PPi) to ATP and addition of apyrase to degrade nonincorporated nucleotides. These steps were repeated until the program reached the end of the sequence to analyze. Incorporation of dNTP and PPi release revealed the percentage of cytosine methylation at the specific sites investigated in the amplicon, namely the CpG sites.
Statistical analysis
All statistical analysis was preformed utilizing a Student's t-test with Bonferroni corrections for multiple comparisons. 
Results
ELISA
TNF and IFN ELISA were performed on the cell culture supernatants of cells exposed to Be or control solutions to confirm that H36.12J, H36.12E and P388D.1 cells differentially-expressed cytokines. Further, this study sought to confirm this TNF production was Bespecific within the H36.12J Be-responsive cells, as previous studies have shown (Sawyer et al. 2000b) .
None of the conditions tested induced any of the three cell lines to produce IFN. However, when H36.12J (Beresponsive) cells were treated with 100 mM BeSO 4 , they expressed significantly more TNF (446.93 [± 110 .98] pg/ml) than when treated with either Al 2 (SO 4 ) 3 , Ni(II)Cl 2 , PBS or NC (p50.008) (Figure 1 ). When Beresponsive cells were treated with 100 mM cobalt chloride, they produced levels of TNF that were not significantly different from the amount of TNF produced with 100 mM BeSO 4 treatment (p50.068). Further, when comparing levels of TNF produced by the three lines challenged with 100 mM BeSO 4 , the H36.12J cells (Be-responsive) produced significantly more TNF than H36.12E cells (Be-non-responsive) or P388D.1 (parental) cells (p50.003, p50.034), confirming previous study results using these lines (Sawyer et al. 2000b ).
Pyrosequencing
By performing pyrosequencing on the sodium bisulfite converted DNA of treated cells, percentage methylation Table 2 ). The percentage methylation of the six CpG sites assayed in the TNF promoter region varied from 0.29-29.17% across cell lines and treatment ( Figure 2a and Table 2 ). In contrast, percentage methylation of the six CpG sites assayed in the IFN promoter region varied from 83.17-98.67% across cell lines and treatment ( Figure 2b and Table 2 ). To investigate treatment differences in levels of TNF CpG promoter methylation in the Be-responsive cell line, H36.12J, methylation levels in Be-treated cells were compared to methylation levels in aluminum-treated, cobalt-treated, nickel-treated, PBS-treated or NC-cells (Figure 3 ). There was no significant difference in methylation levels across treatment in the H36.12J at the six TNF promoter CpG sites investigated.
These sites were further investigated for possible methylation differences across the three cell types treated with Be. Although TNF production varied across the three cell types with Be treatment (H36.12J: 446.93 [± 110 .98], H36.12E: 35.37 [± 6 .20] and P388D.1: 242.83 [± 9 .50] ng/ml) comparing CpG percentage methylation levels between Be-responsive cells vs parental cells or Be-responsive cells vs Be-non-responsive cells at the six TNF promoter CpG investigated, revealed no significant variation, after Bonferroni correction, which required a p50.004 for significance (see Finally, overall promoter methylation levels at the two genes of interest, TNF and IFN, was investigated. Within each of the three cell lines, means and standard deviations of percentage methylation, regardless of treatment, were calculated using the 12 CpG (six in TNFa and six in IFN) methylation percentages determined in this study. As shown in Figure 5 , in each of the three cell lines, overall promoter percentage CpG methylation was significantly higher in the IFN promoter than in the TNF promoter (H36.12J: p50.001, H36.12E: p50.001 and P388D.1: p50.001).
Discussion
The goals of this set of experiments were two-fold. First, to determine if beryllium (Be) could modulate gene expression in an epigenetic fashion by altering promoter CpG DNA methylation in a gene-specific fashion and, second, to determine if differences in CpG promoter methylation may contribute to controlling gene expression in a model system with beryllium stimulation. Here, we utilized a mouse macrophage tumor cell line known to express TNF but not IFN in response to Be-stimulation (H36.12J). As controls we utilized a sister mouse macrophage tumor cell line that does not respond to Be stimulation (H36.12E) and the parental mouse macrophage tumor cell line (P388D.1) that also fails to respond to Be stimulation. This study determined there was an overall state of hypo-methylation present at all investigated CpG in the TNF promoter and an overall state of hypermethylation present at all investigated CpG in the IFN promoter for all three cell lines. Furthermore, the study establishes that Be, unlike a number of other metal cations, had no impact on the promoter methylation status at the 12 CpG sites investigated in these three cell lines, despite an ability to induce pro-inflammatory cytokine expression. Although we observed no detrimental effects to culturing the cells in the presence of these metal salts, we did not exhaustively investigate metal toxicity, but did observe metal salts failed to induce cell death by trypan blue exclusion testing (data not shown).
Be-responsive H36.12J cells treated with Be did express high levels of TNF and this cell line was shown to have a TNF promoter CpG sites with methylation levels from 2.17-17.75% (Table 2 ). This correlates well with human data from a genome wide methylation study (Silveira et al. 2013 ) that showed less DNA methylation in the TNF promoter of BAL cells from CBD patients than BAL cells from BeS patients. However when treated with Be, the TNF promoter CpG sites in both the Be-non-responsive H36.12E cell line and the parental P388D.1 cell line also revealed very low states of methylation (0.29-22.83% and 0.58-29.17%, respectively). Also, unlike other metal Figure 4 . Percentage TNFa promoter CpG methylation (mean ± standard deviation) of cells treated with 100 mM BeSO 4 , 100 mM CoCl 2 , 100 mM Ni(II)Cl 2 , 100 mM Al 2 (SO 4 ) 3 , 100 ml phosphate-buffered saline (PBS, pH 7.4) or a non-addition control (NC); n ¼ 3 experiments. Comparing the levels of CpG promoter methylation between the three mouse cell lines cultured with 100 mM BeSO 4 overnight revealed significantly less (p50.005) methylation at CpG site TNF 4-1 in H36.12J cells when compared to in P388D.1 cells, the parental cell line. cations such as Cr, As, Ni, Pb or Cd (Lee et al. 1995; Chanda et al. 2006; Jiang et al. 2008; Rozhon et al. 2008; Verstraeten et al. 2008 ) that have been shown in other systems to change CpG methylation states in other genes, this hypo-methylation was not a phenomenon of Be treatment. The state of hypo-methylation was observed at all TNF promoter CpG, regardless of treatment (Table 2) .
These studies, thus far, investigated the levels of CpG methylation between three cell lines that differentially expressed TNF, when challenged with Be. To determine if this promoter CpG hypo-methylation was specific only to expressed genes, as expected in an epigenetically controlled gene (Bird 1986; Meehan et al. 1992) or an overall genome-wide phenomenon in these cell lines, pyrosequencing was performed on several CpG in the IFN promoter, a gene whose expression was not inducible with treatments investigated in these studies. It was expected that this set of promoter CpG should be highly methylated.
Of the six IFN promoter CpG methylation sites tested, all had levels of methylation that were at least 4-times higher, in most cases 16-20-times higher, than the six TNF promoter CpG methylation sites examined in these studies. When we compared the overall promoter methylation states within each of the cell lines, we obtained highly significant differences (p50.001; see Figure 5 ) in the levels of CpG methylation between the expressed (TNF) and non-expressed cytokine (IFN) in each of the three cell lines. In this set of experiments we attempted to determine if there was epigenetic control of gene expression at the level of DNA promoter CpG methylation. These observations, that the TNF promoter is in a state of hypo-methylation corresponding to gene expression (Bird 1986; Antequera 2003) and the IFN promoter is in a state of hyper-methylation corresponding to gene silencing (Meehan et al. 1992) , correlates well with the majority of the epigenetic literature (Alam et al. 2010; Huang et al. 2011; Hanna et al. 2012; Lou et al. 2013; Niedzwiecki et al. 2013; Sanders et al. 2014) . Although, in the six TNF promoter CpG investigated in these three mouse macrophage tumor cell lines, these studies suggest that CpG methylation does not correlate with pro-inflammatory gene expression in response to Be. It is possible that Be may interact with other CpG located within the promoter regions of either the TNF gene (21 CpG total). It is also possible that there are alternative mechanisms, beyond the purview of this study, which may control pro-inflammatory gene expression in this cell system. Future research may be warranted to examine these other epigenetic mechanisms -such as microRNA modulation or histone modifications -which have been implicated in the response to cations such as nickel, cobalt, lead and chromium (Chen et al. 2006; Li et al. 2009; Bollati et al. 2010; He et al. 2013 ).
